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ABSTRACT
Three surface modification techniques: (1) atmospheric oxygen pressure using
low-pressure Hg lamps, (2) low oxygen pressure with emission downstream from an Ar
microwave plasma, and (3) high pressures ofHe in a rotating D.C. arc, that was designed
to produce a spectral continuum from He excimers (k = 5S - 110 nm), were employed to
photo-oxidize multiwalled carbon nanotube (MWNT) powder [1], single walled carbon
nanotube (SWNT) paper [2],
Teflon
polyfluorinated ethylene-propylene (FEP) [3] and
Teflon poly(tetrafluoroethylene-co-perfluropropyl vinyl ether) (PFA) [4]. Results from
X-ray photoelectron spectroscopy (XPS), Raman spectroscopy, FT-IR, Scanning Electron
Microscopy (SEM) and Contact angle measurements of the oxidized surfaces are
presented. Copper, that was sputter-coated onto the modified FEP and PFA, showed
adhesion failure occurring within the modified materials (cohesive failure) and not at the
Cu-FEP and -PFA interfaces.
[1] B. Parekh, T. Debies, P. Knight, K. S. V. Santhanam and G. A. Takacs, "Photo-oxidation of
Multiwalled Carbon Nanotubes", six page manuscript accepted for publication in: Proceedings ofFall
2005 NationalMeeting of theMaterials Research Society; Symposium QDegradation Processes in
NanostructuredMaterials, BostonMA (2006).
[2] B. Parekh, T. Debies, C. M. Evans, B. J. Landi, R. P. Raffaelle and G. A. Takacs, "Photo-oxidation of
Single walled Carbon Nanotubes", six page manuscript accepted for publication in: Proceedings ofFall
2005 NationalMeeting of theMaterials Research Society; Symposium Q Degradation Processes in
NanostructuredMaterials, Boston MA (2006).
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[3] B. Parekh, A. Entenberg, T. Debies, and G. A. Takacs, "Cohesive Failure of Sputtered Copper to
Teflon^FEP InterfaceModified with VUV Helium Excimer Radiation", presented at the Second
International Symposium on Adhesion Aspects of Thin Films, Savannah, GA, Nov. 9-11, 2005.
[4] B. Parekh, A. Entenberg, T. Debies, and G. A. Takacs, "Interfacial Adhesion Improvement of Sputtered
Cu to TeflonPFA Modified by VUV Helium Excimer Radiation", presented at the Rochester Section of




The extraordinary electrical, thermal, and mechanical properties of carbon nanotubes
(CNTs) have made them very useful for a wide range of applications from miniaturized
electronic, mechanical, electromechanical, chemical and scanning probe devices [1] to
power applications and storage including
Li+
ion batteries, polymeric solar cells, proton
exchange membrane fuel cells and thermionic devices [2].
Surface modification methods are often employed to retain the bulk properties ofCNTs
while functionalizing the surface with chemical groups in order to change the surface
properties. Low temperature, downstream microwave (MW) plasma treatment with H2
[3], CF4 [4] and NH3 [5] result in hydrogenation, fluorination, and the addition ofH, NH
and NH2 groups, respectively, to the CNTs.
The most widely studied surface modification technique for CNTs is oxidation.
Gas-
phase oxidation in air and oxidative plasma leads to over oxidation, often removing or
severely damaging the CNTs in addition to removing amorphous carbon [6]. In contrast,
liquid-phase oxidation, involving nitric and/or sulfuric acids, is mild and slow and
produces high yields of oxidized CNTs [7]. Sonication in HNO3 and H2SO4 effectively
functionalizes the CNTs as observed by x-ray photoelectron spectroscopy (XPS) [8].
Carbonyl functionalization ofmultiwalled carbon nanotubes (MWNTs) with nitric acid
has been effective in converting aniline to azobenzene as a nanodimensional chemical
reaction [9]. High temperature oxidation modifies the intrinsic structure and improves the
dispersity [10] and air stability ofCNTs [11] while low temperature ozonolysis
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introduces oxygenated functionalities directly onto the sidewalls [12 - 15] and not simply
at the end caps or isolated defects [16].
In this study, gas-phase photo-oxidation ofMWNTs is studied at 298 K with wavelengths
from low pressure Hg lamps (k = 184.9 nm) and excited Ar atoms (k = 106.7 and 104.8
nm) downstream from aMW plasma which have sufficient energy to photo-dissociate
gaseous oxygen and result in chemical modification of the surface. Earlier work reported
in the literature has focused on UV wavelengths (240 and 253.7 nm) photo-absorbed by
the CNTs that did not change the surface composition but caused photo-desorption of O2
[17] and changed the thermoelectric power [18, 19] while a UV/O3 generator in air
formed oxygenated functional groups on single-walled carbon nanotubes (SWNTs) [15].
Fluoropolymers, like
Teflon
PTFE (polytetrafluoroethylene), FEP (fluorinated
ethylene-propylene co-polymer) and PFA (poly(tetrafluoroethylene-co-perfluoropropyl
vinyl ether)), have been extensively used in space applications, protective coatings,
microelectronics packaging and biotechnology. These polymers yield excellent physical
and chemical properties such as high temperature stability and good resistance to
chemicals. However, their low surface energy properties present considerable
challenges for adhesion and wettability when bonding to other materials such as the
conductor copper that carries the current in electronic applications. Therefore,
processes, that provide surface modification of these materials to affect adhesion and
wettability without
modification of bulk properties, are of considerable interest [20].
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A number ofmethods have been previously employed for modification of FEP and
PFA
in order to improve adhesion with Cu. These techniques include:
(1) wet chemical pre-treatment with sodium naphthalenide [21-23];
(2) UV laser photolysis of tetramethyl ammonium hydroxide solution [24];
(3) treatment in radio-frequency (RF) plasmas containing Ar, He, O2 and H2 followed by
a silane coupling agent [25];
(4) irradiation with x-ray [26] and e-beams [21];
(5) exposure to remote RF plasmas of H2 [27, 28];
(6) treatment in gaseous microwave (MW) plasma mixtures ofN2, O2 and H2 [29, 30];
and
(7) high temperature lamination at 380C [31].
Surface modification of PTFE with vacuum UV (VUV) radiation helium arc plasma
have been reported to induce defluorination, improve wettability, and incorporate
oxygen upon exposure to air. Laser-assisted Fourier transform mass spectrometry on the
VUV-treated PFA samples resulted in a series of high molecular weight fragments that
indicated cross-linking at the surface [32].
Reports in the literature on the effects ofUV and VUV irradiation of polymers to control
the adhesion of Cu are sparse [33-36]. Egitto et al. [37] measured practical adhesion of
sputtered chromium films to Kapton-H polyimide (PI) treated downstream from an
oxygen microwave (MW) plasma (devoid of ion bombardment) and in a DC-glow
discharge (in the presence of ion bombardment) using
90
peel tests. Kapton is a
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registered trademark of E.I. du Pont de Nemours & Co., Wilmington, DE and is a
formulation produced by curing a poly(amic acid) whose precursors are pyromellitic
dianhydride (PMDA) and oxydianiline (ODA). Downstream-plasma treatment reduced
practical adhesion levels for Kapton-H PI while treatment in the DC glow produced
adhesion about triple the value measured for untreated films. These adhesion results were
attributed to the difference in degree of ion bombardment in the various plasma
conditions and the concomitant difference in the relative amount of chain scission and
cross-linking reactions. Rozovskis et al. [38] conducted oxygen reactive ion etching of PI
and observed a correlation between enhancement ofCu peel strength and content of
oxygen-containing groups at the PI surface. Their conclusions confirmed the idea of
competing rates for strengthening (cross-linking) and weakening (bond scission) effects




TheMWNTs, which were obtained in a powder form from Helix Material Solution, was
produced by an electric arc method and were characterized as > 95% pure and having a
range of diameters and lengths from 60 - 100 nm and 0.5 - 40 urn, respectively. The
MWNTs were studied either by embedding them into cellulose-based filter paper or by
placing the powder in a well of a quartz block to hold the sample.
2.2 SWNTs
Synthesis of SWNTs was performed using an Alexandrite laser vaporization process,
previously described in detail [39]. The graphite (1-2 \im) target was pressed at 20,000
psi and contained 3% w/w Ni (sub-micron) and 3% w/w Co (1-2 nm). The reaction
furnace temperature was maintained at 1 150 C, with a chamber pressure of 700 torr
under 100 seem flowing Ar. The raw SWNT soot was purified by conventional acid
reflux. The ratio of materials for refluxing was: 75 mg raw soot added to the acid
solution (50ml H20, 12 mL concentrated HNO3 (69-70 %), and 5 mL concentrated HC1
(36.5-38.0 %)). The solution was brought to reflux at 120 C for 14 h. The reflux
solution was filtered over a 1 \im PTFE membrane filter with copious distilled H20 to
form the SWNT paper. The acid filtrate was discarded and subsequent washes (3x) with
50 mL acetone and 10 mL distilled H2O removed functionalized carbon impurities until
the filtrate was clear. To complete the purification, the resulting paper from acid-reflux
was thermally oxidized at 550C in the muffle furnace under stagnant air for 1 h.
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2.3 FEP and PFA
Commercially available films of the random co-polymer
Teflon
FEP,
[-(CF2-CF2)x-CF2-CF(CF3)-] where x=7 and
Teflon
PFA, [-(CF2-CF2)n-(CF2-
CFOC3F7)m-] (n/m= 39) with thickness of 50.8 jim was obtained from American
Durafilm, Holliston, MA. Before attempting modification of the surface, a variety of
cleaning procedures to remove potential contamination from lubricants used in the
thermal mechanical processes to form the polymer mass into commercial film were
evaluated by X-ray Photoelectron Spectroscopy (XPS). For most of the experiments, the
following effective cleaning procedure, involving treatment in ultrasonic baths of first
methanol and then acetone at room temperature for 5 min with over-night drying in air at
room temperature[36].
2.4 UV Photo-Oxidation
A 25.4 cm i.d. Rayonet photochemical chamber (manufactured by Southern New
England Ultraviolet Co., Inc., Branford, CT) (Fig. 1) was equipped with 16 low-pressure
Hg lamps that emit 253.7 nm or 184.9 and 253.7 nm photons with about a 1:6 intensity
ratio. A cylindrical photochemical cell (2.54 cm diameter, 17.8 cm long) was constructed
of
Suprasil
quartz and fitted with a Cajon removable high vacuum stainless steel fitting
to allow placement and removal of the sample from the cell [35]. High purity nitrogen
and oxygen (99.99 %) were flowed through the chamber and cell for at least 10 min at
flow rates of about 5x10 and 43 seem, respectively, to displace air prior to the ignition
of the radiation source.
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Molecular nitrogen is transparent to the UV radiation while ground state oxygen
molecules, 02(3g~), in the photochemical cell absorb 185 nm photons [40] which have
sufficient energy to break the molecular bond to form two ground state 0(3P) atoms as
shown in reaction (1) [41].
02 + h v = 0(3P) + 0(3P) X< 242.4 nm (1)
Ozone, which is formed in the photochemical cell by reaction (2) involving a stabilizing
molecule (M), absorbs photons from the low pressure Hg lamps that are energetic enough
to photo-dissociate ozone to produce reactive electronically-excited oxygen atoms, O('D)
and O('S), and oxygen molecules (02(3u"), 02('Ag), 02(1Ig+)) [43].
0(3P) + 02 + M = 03 + M (2)
Using this cell design (i.e., optical path length), known photo-absorption spectra for
oxygen and ozone [40, 43] and estimated concentrations of oxygen and ozone,
calculations show that a significant fraction of the UV radiation is transmitted through the














Figure 1. Schematic Diagram for UV Photo-Oxidation [35].
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2.5 VUV Photo-Oxidation
Low-pressure argonMW plasma, operating at a frequency of 2.45 GHz and absorbed
power (the difference between the forward and reflected power) of 50
- 60 W, was used
to modify the surface ofMWNTs located downstream from the plasma (Fig. 2). The Ar
discharge was aligned with the substrate [44]. Oxygen was introduced into the vacuum
system about 3 cm above the sample. The argon and oxygen flow rates were 50 and 10




Pa. The samples were placed 23.8 cm downstream from the discharge. At this
distance, deactivation and recombination processes involving charged particles and
metastables, which occur via homogeneous and heterogeneous collisions in transit to the
substrate, make their contribution negligible and thus the interaction ofVUV photons
with the substrate is maximized [45, 46].
The low-pressure MW discharge produces radiation that is primarily a line source due to
emission from excited Ar atoms, as shown in equation (3).
Ar*
= Ar + hK (3)
Neutral atomic resonance lines, arising from
Pi- So and P2-* So transitions, occur at
104.8 and 106.7 nm for Ar, respectively [28]. For microwave excitation, emission
continua from the rare gas excimer (Ar2*), that are formed by the pressure-sensitive
reaction (4), have only been observed at pressures above 1.7 x 104Pa [29].
21
Ar*
+ Ar + M = Ar2* + M (4)
Since oxygen absorbs in the VUV region of the electromagnetic spectrum [40], the
photochemical steps (1), (5), and (6), which produce ground, P, and electronically
excited, !D and [S, oxygen atoms [41], respectively, are energetically possible using the
Ar MW source.
02 + hv = 0(3P) + O^D) X< 175 nm (5)
02+ hv= 0(3P) + O('S) X< 133.2 nm (6)
The neutral Ar resonance lines at 104.8 and 106.7 nm occur within a region of the oxygen
absorption spectrum where the Rydberg series converges towards the first ionization
potential [49]. The photo-absorption coefficients of oxygen at 104.91 and 106.60 nm are





cm2, respectively [49]. Coupling these cross-sections with the oxygen number
density and pathlength through the oxygen, more than 90% of the VUV radiation from
















Figure 2. Schematic Diagram for VUV Photo-Oxidation Downstream from Ar
Microwave Plasma [36].
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2.6 Helium Arc Plasma
The high pressure arc source was the same as that described in the earlier study of
organic polymer films, including PTFE [50]. The samples were placed in the vacuum
chamber (Fig. 3) and mounted under an aluminum ring with an area of 3.8
cm2
exposed
to the VUV radiation (Fig. 4). A 1 10 V potential was applied to a sharpened graphite rod
cathode that was positioned coaxially inside a grounded graphite anode tube (2.5 cm
long, 1.9 cm o.d, 1.4 cm i.d.) (Fig.5). The electrode assembly was mounted in a Pyrex
vacuum chamber (15 cm diameter, 30 cm high) and filled with helium at a pressure of
(5.3-6.7)xl04Pa. The arc current was selected between 2-4 A. To produce a
homogeneous source of radiation at the polymer surface, the arc was made to rotate (130
Hz) at the edge of the anode by the application of a magnetic field (9.4 x
10"
Tesla). The
substrate was located 5 cm from the arc and its temperature was monitored with a
thermocouple. The temperature of the treated samples varied from room temperature up
to a selected maximum value of 120 C.
To vary the photon energy to which films were exposed, Lithium Fluoride (LiF)
filter, which has a cut-off wavelength of 105 nm [50], was placed in front and in contact
with the FEP and PFA samples. The filter was a circular disc held in place by two Al
rings which were tightened down by the screw ring assembly of the substrate holder that
was constructed of non-magnetic stainless steel. The optical filter prevented ions and
metastables from interacting with the FEP and PFA substrate and only allowed photons
with wavelengths longer than the cut-off wavelengths to modify the polymer surface.
Even in the absence of filter, the radiation source was designed to maximize the effects of
radiation on the sample. At the high pressure and the distance that the sample was placed
24
from the arc, deactivation and recombination processes involving the charged particles
and metastables result in negligible concentrations at the substrate. Helium plasmas emit
strongly in the UV and VUV [51], especially, due to emission from the
He2*
excimer
producing a continuum from 58-1 10 nm that is superimposed on the neutral He resonance
lines (Hel) which occur at 53.7 and 58.4 nm. Singly ionized species (Hell) is known to



















V G TC P
Figure 3. Schematic Diagram ofApparatus for DC Arc Plasma Made to Rotate by
Application of an External Magnetic Field. (A) anode, (AF) anode feedthrough, (AS)
anode support, (C) cathode, (CF) cathode feedthrough, (G) gas inlet, (M) external
magnetic coils, (P) pressure gauge, (PY) pyrex glass pipe, (R) anode ring support, (S)
substrate, (SH) substrate holder, (TC) thermocouple, (V) vacuum pump with throttle
valve [33, 50].
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Figure 5. Anode and Cathode [33, 50].
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2.7 Contact Angle Measurements
Advancing contact angles for 5 ul DI water droplets were measured at 25C in air
before and after treatment with a Rame-Hart, Inc. goniometer model 100-00 using the
sessile drop method. The accuracy of contact angle measurements was
3
[36].
2.8 X-ray Photoelectron Spectroscopy
The samples were analyzed ex-situ after modification with XPS, a surface analysis
technique that provides elemental, chemical state and quantitative analyses for the top 2
-
5 nm of a sample's surface. A Physical Electronics Model 5800 XPS system was
employed for the characterization. A region about 800 |a,m in diameter was analyzed. The
FEP and PFA films were prepared by cutting sections from the sample and mounting
them beneath a molybdenum sample mask for exposing to the x-ray beam. The atomic
percentages (At %) reported for carbon and fluorine are precise to within 2%, while the
At % for oxygen are within 20%. The uncertainties translate to about 0.07 units in the
F/C ratio. The samples were irradiated with monochromatized Al Ka radiation (1486 eV)
and charge neutralized with a flood of low energy electrons from a BaO field emission
charge neutralizer. This method of analysis minimized radiation damage to the samples.
High-resolution XPS spectra in the C Is and Ols regions were used to determine the
chemical environment changes resulting frommodification by VUV exposure. The
analysis was performed at an angle of
45
between the sample and analyzer. The spectra
were curve fitted using the software package provided by the instrument's supplier. The
(5)
software utilizes commercial Matlab routines for data processing.
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2.9Metallization
A DC planar magnetron (manufactured by US Inc., Campbell, CA) was used to
deposit about 300 nm of sputtered copper film. The film thickness and deposition rate
were read on a quartz crystal rate deposition monitor. Research grade argon (99.997%
pure) was introduced through a mass flow controller. The copper targets (50 mm
diameter and 5 mm thick) were 99.9% pure. After the sputtering plasma was ignited, the
target was pre-sputtered, while a shutter covered the substrate, for ca. 2 min to allow the
plasma to reach steady state during the establishment of the pressure and deposition rate.
The typical discharge voltage, current, and power were about 500 V, 0.500 A, and 250
W, respectively.
There was a fixed argon working gas pressure of 0.3 Pa and fixed deposition rate of about
0.30 nm/s. The base pressure in the high vacuum chamber was less than 4.0 x
10"3
Pa.
However, the effective base pressure during sputtering was closer to about 1.3 x
10"2
Pa
because the diffusion pump was throttled.
2.10 SEM Imaging
A Hitachi S-4500 field emission SEM was used to analyze the surface morphology of the
photo-oxidized PFA film. The treated and untreated samples were fixed to a circular
piece of conductive carbon filled polymer with adhesive on both sides and fixing the
sample to the opposite side of the adhesive covered conductive polymer circle. The
samples were coated with a thin conductive Au film of ca. 20 nm thickness.
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2.11 FT-IR
The fluoropolymer samples were analyzed on the Nicolet 750 FTIR Spectrophotometer
equipped with a NicPlan microscope accessory using the Ge ATR (attenuated total
reflectance) objective. Data displayed was baseline corrected and normalized versus
intensity at 1 152 cm"1.
2.12 Raman Spectroscopy
Raman spectroscopy was performed at room temperature using a JY-Horiba Labram
spectrophotometer with excitation energy of 1.96 eV. Sample spectra were obtained from
50 to 2800 using an incident beam attenuation filter to eliminate localized heating




TheMWNTs contained only carbon and a trace amount of background oxygen (ca. 2 At
%). No other contamination was found.
3.1.1 UV Photo-Oxidation
The XPS results of UV photo-oxidizedMWNTs embedded in cellulous filter paper were
difficult to interpret because not only did the nanotubes react but the control experiments
with only filter paper showed an increase in the intensity of C-O peak and the appearance
of 0-C=0 moiety which was also detected by FT-IR as reported in ref. [53]. Therefore,
all the results reported in this thesis are for samples contained in quartz boats.
Table 1 shows the quantitative XPS results, reported in atomic percentage, forMWNTs
that were treated with 253.7 and 184.9 nm UV photo-oxidation.
Table 1 : Quantitative XPS results, Reported in Atomic Percentage, for UV Photo-
OxidizedMWNTs.
Sample At%C At%0
Control untreated 0 hrs 97.20 2.80
Treated 1 hr 95.04 4.96
Treated 2 hrs 94.12 5.88
Treated 3 hrs 93.74 6.26
Treated 4 hrs 92.51 7.49
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The treated nanotubes contain increasing amounts of oxygen with exposure time up to 4 h
where the O concentration was 7.5 at%. The data, which is plotted in Fig. 6, shows a





Figure 6. % O forMWNT samples as a Function ofExposure Time to UV Photo-
Oxidation.
The SEM micrographs in Fig. 7 (a) and (b) below indicate little change of the surface
morphology with UV Photo-Oxidation.
7 (a) 7 (b)
Figure 7. SEM Images ofMWNTs (a) Before and (b) After 3.5 h ofUV Photo-Oxidation.
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3.1.2 VUV Photo-Oxidation
The nanotubes exposed to VUV photo-oxidation (Table 2) contained an oxygen
concentration up to 9.5 at% at 2 h of exposure time. As with the UV photo-oxidation
results, most of the VUV photo-oxidation occurred within 1 h of treatment time. Beyond
2 h, the concentration of oxygen on the VUV photo-oxidized surface decreased.








Treated 0.25 h 97.5 2.50
Treated 0.5 h 94.75 5.25




Treated 2 h 90.49 9.51













SEM micrographs revealed no apparent effect on the structure or appearance of the VUV
photo-oxidizedMWNTs (Fig. 8).
Figure 8. SEM Images ofMWNTs (a) Before and (b) After 3h ofVUV Photo-Oxidation.
The C Is spectrum for untreated samples were in good agreement with results reported in
the literature [8, 55] and differs only slightly from the spectra obtained for the UV and
VUV photo-oxidized nanotubes due to the low concentration of oxygen introduced by
exposure. Figure 9 shows the C Is spectrum for MWNTs treated for 3 h of UV photo-
oxidation. The curve fitting, which was employed to interpret the C Is spectra, was
similar to that used by ref. [54]. The peaks at 284.8 and 285.2 eV are due to sp2- and sp3-
hybidized carbon as found in C-C aromatic and C-C alkyl groups, respectively. To obtain
consistency with the oxygen concentration measured post treatment, the peaks at 286.3,
287.5 and 288.9 eV was assigned to the C-O-C, C=0 and 0-C=0 groups, respectively.
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Figure 9. C Is Spectrum forMWNTs Treated for 3 h ofUV Photo-Oxidation.
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The peak assignments and areas are shown in Table 3 for the UV and VUV photo-
oxidized samples. The differences in the binding energies (B.E.) in Table 3 are due to
errors associated with the curve fittings.
Table 3. XPS Results of the C Is Curve Fittings for MWNTs Treated for 3 h with UV










284.8 55.7 284.8 61.6 C-C aromatic
285.2 22.8 285.1 14.2 C-C alkyl
286.3 9.9 286.2 11.2 C-O-C
287.5 3.4 287.2 4.4 C=0
288.9 2.4 288.6 4.0 0-C=0
290.0 2.1 289.8 2.1 o=c-o-c=o
291.2 3.7 291.6 2.4 Energy Loss
The untreated sample yielded a weak and broad O Is spectrum. The treated nanotubes
gave similar O Is spectra. The overlapped O Is spectra for some of the nanotubes treated
with VUV photo-oxidation are shown in Fig. 10. Since the O Is peak has no energy
resolved peak structure, it is difficult to tell how many peaks are present and their exact
energy location.
37
546 544 542 540 538 536 534 532 530 528 526 524
Binding Energy (eV)
Figure 10. O Is XPS Spectra for the "As
received"
(...) and Treated for 1 (__),




The purified untreated SWNTs contained mostly carbon, trace amounts of oxygen
(ca. 4 At %) and sometimes a Si-containing impurity compound. No Co or Ni was
detected in the purified untreated SWNTs discussed in this thesis.
In the quantitative analysis of UV photo-oxidized SWNTs reported in Table 4, trace
amounts of the Si compound was observed on the surface that decreased in concentration
with increasing exposure time and was not detected after 3 min of treatment time.
Table 4: Results of the Quantitative Analyses for UV Photo-Oxidation of SWNTs.
Sample At%C At%0 At% Si
Control untreated 95.23 3.56 1.21
Treated 1 min 95.33 3.90 0.77
Treated 3 min 90.98 8.41 0.61
Treated 5 min 90.29 9.71 0.00
Treated 10 min 83.55 16.45 0.00
Treated 20 min 82.57 17.43 0.00
Treated 30 min 79.70 20.30 0.00
Treated 45 min 78.86 21.14 0.00
Treated 120 min 74.49 25.51 0.00
Treated 180 min 70.77 29.22 0.00
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initially, the oxygen concentration increased rapidly, but after 45 min. of exposure time
the increase in oxygen content became increasingly slow reaching a value of 29.2 at%
after 3 h of treatment time (Fig. 11).
20 40 60 80 100
Treatment Time (min)
120 140
Figure 11. % O as a Function of Exposure Time for UV Photo-Oxidized SWNT Paper.
Figure 12 illustrates the overlapped C Is spectra obtained for the SWNTs exposed to UV
photo-oxidation. The spectra show a significant increase in the intensity of the high
binding energy peaks (-290-286 eV) associated with carbon-oxygen bonding. The peaks
are assigned to species reported in the literature [55] and the areas from the curve fitting
are tabulated in Table 5. Longer exposure time produces a reduction in C-C bonding and
higher percentages of oxygen-containing functionalities.
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Figure 12. C Is XPS Spectra for UV Photo-Oxidized SWNT Paper as a Function of
Treatment Time from Untreated ( ) to 120 min ( ).
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The overlapped Ols spectra are displayed in Fig. 13. The O Is peak maximum shows a
shift to increasingly higher binding energy as the oxygen content of the surface increases
due to the observed concentration distribution of carbon-oxygen species (Table 5). Since
the Ols peak has no energy resolved peak structure, it is difficult to conduct accurate
curve fitting since it is not known how many peaks are present and their exact energy
location.
Table 5: Results of the Curve Fittings for the C Is XPS Peaks of the UV Photo-Oxidized
SWNT Samples.
B. E (eV) Peak Area % Assignment










284.8 51 51 45 43 52 51 46 45 39 C-C
sp2
285.2 28 24 25 28 15 17 14 15 16 C-C
sp3
286.0 8 11 12 14 9 9 12 11 14 C-O-C
287.3 4 4 6 7 11 10 12 12 11 c=o
288.6 3 3 4 3 7 7 9 10 11 -o-c=o
289.8 3 3 4 2 3 3 4 4 6 o=c-o-c=o





Figure 13. O Is XPS Spectra for UV Photo-Oxidized SWNT Paper.
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SEM
Figure 14 shows the SEMs for the control and treated SWNT paper. During UV
photo-oxidation with up to 45 min of exposure time (Figs. 14 (b), (c) and (d)), there
appears to be little variation in the surface morphology relative to the pristine nanotubes
(Fig. 14 (a)). However, at treatment times longer than 45 min, changes become apparent





Figure 14. SEMs for the Control and Treated SWNT Paper.
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Raman Spectroscopy
The Raman spectrum of SWNTs contains three important regions: (a) the radial
breathing mode (RBM) from -100-300
cm"1
where the Raman shift varies inversely to the
diameter of the tube, (b) the distinctive pair of broadband peaks at -1580 (G-band) and
-1360
cm"1
(D-band) which correspond to
sp2
and defect-induced carbon stretching
modes, respectively, and (c) the second-order harmonic (G'-band) of the disorder-induced
D-band (Fig. 15) [56, 57]. The D-band is caused by symmetry-breaking defects such as
sp3-hybidized carbon atoms, as well as, hetero-atoms, vacancies, heptagon-pentagon
pairs, kinks or the presence of impurities [57]. The observed ratio of the intensities of the
D:G bands increase with exposure time to UV photo-oxidation as compared to the
untreated sample (Fig. 15). The shape of the RBM band changes with increasing
exposure time, while the G'-band, which is observable for defect-free sp carbons [56],
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Figure 16. Raman Spectra for the Radial BreathingMode of SWNT Paper:
Untreated() and UV Photo-Oxidized for 120 min( ).
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3.2.2 VUV Photo-oxidation.
VUV irradiation of SWNT paper was studied using: (1) low oxygen pressure
with emission downstream from an Ar microwave plasma (k = 106.7/104.8 nm), and (2)
high pressures ofHe in a rotating d.c. arc that was designed to produce a spectral
continuum from He excimers, He2 , (X, = 58-110 nm) There was a significant increase in
the oxygen concentration on treatment. Also on treatment, concerntration of Co increased
(Table 6). However, the oxygen concentration did not increase linearly with time with
VUV photo-oxidation (Table 6) nor from Helium arc plasma (Table 7). Since the oxygen
concentration was high (~ 16 At %), deconvulation of the peaks was done. Curve fitting
of the CI s XPS spectra shows an increase in the formation of C-O-C, C=0, 0-C=0 and
0=C-0-C=0 moieties and a decrease in C-C sp2- and sp3-bonding with exposure time
(Figs. 18 and 20, Tables 8 and 9).
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Table 6: Results of the Quantitative XPS Analyses for Ar Microwave Plasma of SWNTs.
Sample At%C At%0 At% Co
Treated 0.5 hour 81.88 18.12 0.00
Treated 1 hour 87.00 12.83 0.17
Treated 2 hours 83.81 16.12 0.07
Treated 3 hours 83.90 15.89 0.21
Treated 4 hours 83.08 16.79 0.13
Table 7: Results of the Quantitative XPS Analyses for He Arc Plasma of SWNTs.
Sample At%C At%0 At% Ca At%F
Treated 1 minute 89.24 10.76 0.00 0.00
Treated 2 minutes 73.96 22.55 2.56 0.93
Treated 5 minutes 83.67 14.13 1.28 0.92
Treated 10
minutes
78.84 19.95 0.76 0.45
Treated 15
minutes
83.20 16.15 0.48 0.17
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Table 8: Results of the Curve Fittings for the C Is Peaks of the Ar Microwave Exposed
SingleWalled Nanotubes for 2 hours.
Binding Energy Peak Area % Assignment






291.2 3 Energy Loss
Table 9: Results of the Curve Fittings for the C Is Peaks of the He Arc Exposed Single
Walled Nanotubes for 5 min.
Binding Energy Peak Area % Assignment
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Figure 17. Overlapped C Is Spectra for the SingleWalled Carbon Nanotubes Exposed
for Different Times to VUV Radiation from the ArgonMicrowave Plasma.
51
J I I I I I I I I l_
298 296 294 292 290 288 286 284 282 280 278 276
Binding Energy (eV)
Figure 18. Curve Fitting for C Is Spectrum for the Single Walled Carbon Nanotubes
Exposed for 2 hours to VUV Radiation from the ArgonMicrowave Plasma.
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Figure 19. Overlapped C Is Spectra for the SingleWalled Carbon Nanotubes Exposed








298 296 294 292 290 288 286 284 282 280 278 276
Binding Energy (eV)
Figure 20. - Curve Fitting for C Is Spectrum for the Single Walled Carbon
Nanotubes Exposed to 5 minutes to VUV Radiation from the Helium
Arc Plasma.
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Figure 21 shows the Raman spectra for a control sample of SWNT paper and samples
treated for 3h with UV photo-oxidation, 2.5 h ofVUV photo-oxidation downstream of
theMW Ar plasma and 5 min with the rotating He arc which resulted in O at% values of
4.7, 29.2, 15.8 and 14.0, respectively. The Raman spectra consist of a distinctive pair of





defect-induced carbon stretching modes, respectively [57]. The D-band is caused by
symmetry-breaking defects such as sp3-hybidized carbon atoms, as well as, hetero-atoms,
vacancies, heptagon-pentagon pairs, kinks or the presence of impurities [57]. The data
shows that all three techniques of photo-oxidation increased the D:G ratio as compared to
the untreated sample with the largest increase for the sample treated using the low
pressure Hg lamps.
1000 1200 1400 1600 1800
Wavenumber (cni )
2000
Figure 21. Raman Spectra ofUntreated, UV, MW and Rotating Arc Treated SWNT
Samples.
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3.3 FEP and PFA
3.3.1 XPS Results
The elemental survey scans from 0 to 1000 eV binding energy detected carbon, fluorine
and oxygen for all FEP and PFA samples.
Table 10 and 1 1 shows the quantitative XPS results for untreated and treated FEP and
PFA with VUV irradiation from Helium Arc Plasma.
Table 10. XPS Results for FEP (with and without LiF filters) as a Function of Treatment
Time.
Sample At%C At%F At%0 F/C ratio
Clean FEP 29.86 69.90 0.24 2.36
1 min He arc plasma 30.22 69.04 0.74 2.28
3 min He arc plasma 31.48 66.97 1.55 2.13
5 min He arc plasma 31.40 65.90 2.70 2.10
1 min He arc plasma(LiF) 30.04 69.74 0.22 2.32
3 min He arc plasma(LiF) 32.33 67.10 0.56 2.08
5 min He arc plasma(LiF) 31.04 68.17 0.78 2.20
10 min He arc plasma
(LiF)
31.04 68.53 0.42 2.21
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Table 1 1 . XPS Results for PFA (with and without LiF filters) as a Function ofTreatment
Time.
Sample At%C At%F At%0 F/C ratio
Clean PFA 29.25 70.35 0.40 2.39
1 min He arc plasma 31.66 67.38 0.96 2.16
3 min He arc plasma 31.56 67.48 0.96 2.14
5 min He arc plasma 30.32 68.29 1.38 2.25
1 min He arc plasma(LiF) 30.09 69.59 0.32 2.31
3 min He arc plasma(LiF) 30.95 68.70 0.36 2.21
5 min He arc plasma(LiF) 31.43 67.83 0.73 2.15
10 min He arc plasma
(LiF)
31.47 67.60 0.93 2.14
The calculated fluorine to carbon ratios show that treatment results in a small degree of
defluorination. The untreated FEP samples contained 0.2 - 0.6 atomic percent of oxygen.
The treated FEP surfaces contained up to 2.7 atomic percent of oxygen.
The C Is spectra were overlapped and normalized for the untreated and treated samples.
The FEP and PFA films exposed to the He arc plasma for 1, 3, 5 min show a slight
increase in the amount of oxygen at the surface and an increase in the carbon
concentration. The increases in the carbon and oxygen are balanced by decrease in the
fluorine concentration. The oxygen concentration increases from 0.24% for the clean FEP
to about 2.7 atomic percent after 5 min exposure. The oxygen concentration increases
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from 0.40% for the clean PFA to about 1 atomic percent of treatment and finally about
1 .4 atomic percent after 5 min exposure.
Figure 22. C Is Spectrum for FEP Exposed to VUV Radiation from the Helium Arc
Plasma for 1, 3 and 5 minutes (left).
Figure 23. C Is Spectrum for PFA Exposed to VUV Radiation from the Helium Arc
Plasma for 1, 3 and 5 minutes (right)
Figure 22 (left) and 23 (right) shows the overlapped C Is spectra for the FEP and PFA
films exposed to VUV radiation for 1, 3 and 5 minutes. The spectra show low binding
energy structure due to
carbon-fluorine bonding with less than two fluorine atoms bonded
to a carbon atom. These peaks result from defluorination. Some of the low binding
energy structure is due to
carbon-oxygen bonding. The weak peak at about 282 - 283 eV
is assigned to carbonized or graphitic material. The principal peak at 292.5 eV is due to
the CF2 moiety.
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Figure 24. O Is Spectrum for FEP Exposed to VUV Radiation from the Helium Arc
Plasma for 1, 3 and 5 minutes (left).
Figure 25. O Is Spectrum for PFA Exposed to VUV Radiation from the Helium Arc
Plasma for 1, 3 and 5 minutes (right).
Figure 24 (above left) and 25 (above right) illustrates the overlapped O Is spectra
acquired for the films exposed to VUV radiation for 1, 3 and 5 min. The dominant peak
at about 535.5 eV is due to oxygen bonded to CF2 moieties. The fluorine atoms draw
electron density from the oxygen atom thus increasing the oxygen binding energy. The
structure from 534 to 533 eV that is typical of the 0-C=0 moiety. The peak at 532.5 eV
is probably due to C=0. The
peak at 531.5 eV increases in intensity with longer
exposure time. This binding energy is characteristic of hydroxyl groups [53]. These
groups could be bonded to the carbonized material.
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Figure 26. C Is Spectrum for FEP Exposed to VUV Radiation from the Helium Arc
Plasma for 1, 3 and 5 minutes with LiF filter (left).
Figure 27. C Is Spectrum for PFA Exposed to VUV Radiation from the Helium Arc
Plasma for 1, 3 and 5 minutes with LiF filter (right).
Figure 26 (above left) and Figure 27 (above right) illustrates the C Is spectra for the FEP
and PFA films exposed to VUV radiation passed through the LiF filter. The spectra show
low binding energy structure due to carbon-fluorine bonding with less than two fluorine
atoms bonded to a carbon atom. These peaks result from defluorination.
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3.3.2 Water Contact Angle Results
For FEP
, the water contact angle showed an increase in hydrophilicity (decrease in
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Figure 28.Water Contact Angle for FEP as a Function ofVUV Helium Excimer
Treatment Time.
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For PFA treated with VUV irradiation from Helium arc plasma, the water contact angle
showed a decrease in contact angle with exposure time from untreated PFA (1 10) to a
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Figure 29.Water Contact Angle for PFA as a Function ofVUV Helium Excimer
Treatment Time.
The accumulation ofC=0 / 0-C=0 group on the modified FEP and PFA surface resulted
in an increase of surface energy, that is, decrease in water contact angle.
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3.3.3 FT-IR Results forModified FEP and PFA Films.
FT-IR showed the appearance of a strong band at 1884
cm"1
indicating the formation of















1 ) FEP Treated - 5 Min (Vacuum UV Irradiation by HeArc Plasma)
1) FEP Untreated - 0 Min (Vacuum UV Irradiation by He Arc Plasma)
1900
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Figure 30. FT-IR for FEP Exposed to Radiation from He Arc Plasma, Untreated (_
and 5 min Exposure ( ) Without LiF Filters.
2) PFATreated
- 5 Min (Vacuum UV irradiation by He Arc Plasma)
2) PFATreated - 3Min (Vacuum UV irradiation by He Arc Plasma)
2) PFA Untreated




Figure 31. FT-IR for PFA Exposed to Radiation from He Arc Plasma, Untreated ( ),
3 min ( ) and 5 min ( ) Exposure Without LiF Filters.
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3.3.4 XPS Results After Adhesion Test
To determine the locus of failure, XPS analysis was conducted on both the Cu-side and
substrate-side of the tape. The quantitative XPS results (Table 12 and 13) showed that
copper was not detected on either the Cu-side or substrate-side of the tape and the oxygen
concentrations were similar to the untreated sample indicating that the failure was
cohesive in nature and occurred within the polymer and not at the Cu-substrate interface.
Table 12. XPS Results of Failure Surfaces After Tape Adhesion Test for FEP.
Sample At%C At%F At%0 At % Cu F/C ratio
Clean FEP 29.86 69.90 0.24 0.00 2.36
3 min FEP
Side
29.53 70.13 0.34 0.00 2.37
5 min FEP
Side
29.16 70.22 0.62 0.00 2.41
3 min
copper side
32.35 66.83 0.82 0.43 2.07
5 min
copper side








38.25 61.06 0.69 0.00 1.60
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Table 13. XPS Results of Failure Surfaces After Tape Adhesion Test for PFA.
Sample At% C At%F At%0 At % Cu F/C ratio
Clean PFA 29.48 70.35 0.40 0.00 2.39
1 min PFA
Side
32.68 66.98 0.34 0.00 2.21
3 min PFA
Side
33.12 66.30 0.58 0.00 2.00
5 min PFA
Side




29.46 69.45 0.66 0.43 2.36
3 min
copper side
28.68 70.32 0.57 0.43 2.45
5 min
copper side
















81.77 0.8 16.23 1.20 0.01
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3.3.5 SEM Results
Figures 32 (a) and (b) compare the SEM micrographs for untreated FEP and FEP treated
for 3 min from Helium arc plasma. The 3 min treated sample showed a more pronounced
cracked surface. Similar results were obtained for PFA (Figs. 33 (a) and (b)).
Luc **** y^ t *
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(a) (b)
Figure 32. SEM Micrographs of (a) Untreated FEP and (b) FEP Treated for 3 min of
Helium Arc Plasma. Magnification = 100 kX. Sizing Bar= 300 nm.
SMW!5
(a) (b)
Figure 33. SEMMicrographs of (a) Untreated PFA and (b) PFA Treated for 3 min of
Helium Arc Plasma.Magnification = 100 kX. Sizing Bar= 300 nm.
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PART IV DISCUSSION
4.1 MWNTs and SWNTs
Gas phase UV photo-oxidation ofMWNT powder and SWNT paper with 253.7 and
184.9 nm radiation lamps results in an increase in oxidation of the top 2-5 nm of the
surface (Tables 1 and 4, Figs. 6 and 11). Curve fitting of the Cls XPS spectra shows an
increase in the formation of C-O-C, C=0, 0-C=0 and 0=C-0-C=0 moieties and a
decrease in C-C sp2- and sp3-bonding with exposure time (Figs. 9 and 12, Tables 3 and
5). The 184.9 nm wavelength radiation is absorbed by oxygen molecules and causes
photo-dissociation to form oxygen atoms, reaction (1), and ozone is produced by reaction
(2). Oxygen atoms are also formed by the photo-dissociation of ozone [40]. Both oxygen
atoms [58] and ozone [43] are well known to oxidize by adding across unsaturated sp
bonds, like aromatic groups. Chemisorbed oxygen atoms weaken the zigzag C-C bonds
ofCNTs to replace them with C-O-C bridge bonds [58]. Initially, the addition of ozone
produces a primary ozonide that undergoes bond cleavage to form carbonyl compounds
and a Criegee intermediate [12, 43]. One of the channels for decomposition of the
Criegee intermediate results in the formation of ester groups (0-C=0) and the potential
release of gaseous CO2 [42].
Gas phase ozonolysis of single walled carbon nanotubes (SWNTs) at 298 K has
previously indicated the production of ester groups, carbonyl (C=0), and C=C double
bonds by FT-IR analysis [16]. In addition, a carbon removal process was detected by the
formation ofCO2 (g) and CO (g) which indicated 5.52.5 % of the C was functionalized
[14, 16]. Solution-phase ozonolysis of SWNTs in methanol at -78C shows, via curve
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fitting ofXPS Cls spectra, that samples treated with hydrogen peroxide, dimethyl sulfide
and sodium borohydride had a preference for the formation of 0-C=0, C=0 and C-0
functional groups, respectively [12(a)]. Sonication in HN03 and H2S04 for up to 8 h
effectively functionalizes theMWNTs to form a mixture of oxygenated groups as
observed by XPS with the bulk of the oxidation occurring between 1 and 2 h and the
-C-O-
group having the largest population [8]. Similar results were obtained in this gas
phase photo-oxidation study, with the majority of the oxidation occurring within the first
hour of treatment and primarily forming the C-O-C functional group (Table 3). Use of an
UV/O3 generator in air, showed by TGA and Raman analysis ca. 5% of the O3-SWNT
carbons were functionalized and that rapid initial oxidation occurred within 1 h of
treatment which stopped after 3 h probably due to exhaustion of active surface sites [15].
The MWNTs in this UV study showed up to 7.5 at% oxygen with available surface sites
from 1 to 4 h ofUV photo-oxidation. XPS analysis ofMWNTs oxidized with acids
yielded similar levels of oxidation (5-6 at% [12(a)], ca. 6 at% [8]).
The changes in the RBM region of the Raman spectra (Figs. 15 and 16) suggest
that the diameter distribution of the SWNTs was altered with increasing treatment time.
Oxidation of SWNTs with air [60] and ozone in solution [61] have been reported to
preferentially react with smaller
diameter tubes than larger diameter tubes due to
increased curvature strain and rc-orbital misalignment.
The observed SEM images (Fig. 14) showed changes in the bundle size and the presence
of amorphous carbon at times > 45 min suggesting that at longer exposure times the
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SWNTs may actually be consumed while at shorter times (<45 min) there is controlled
functionalization.
The VUV photo-oxidation showed no apparent effect on the SEM micrographs of the
MWNTs (Fig. 8) as expected for a surface modification technique. Similar XPS and
curve fitting results (Table 3) were observed as for the UV photo-oxidation study.
Beyond 2 h of treatment time with VUV photo-oxidation, the O at% on the surface of the
MWNTs begins to decrease (Table 2). Lim et al [62] has reported that whenMWNTs at
700C are exposed to oxygen atoms the electronic band structure changes frommetallic
to semiconductor and that oxygen is desorbed from the surface through the formation of
CO and CO2. The reaction of atomic oxygen with the VUV photo-exposed oxygenated
surface may also result in such de-oxidation processes.
Since a significant amount of the radiation in this study is transmitted through the gas
phase to the surface, an additional mechanism to be considered is photo-excitation of the
MWNTs. The energies associated with the UV (6.7 eV) and VUV (11.6 and 11.8 eV)
photons are greater than the bond energies for C-C (~3 eV) and weaker unsaturated
aromatic bonds [63, 64]. Therefore, UV and VUV photo-absorption of the MWNTs may
initiate photo-dissociation of bonds or cause photo-ionization. The capture of low energy
electrons by 02 to form the reactive
02"
species has been proposed to be involved in the
photo-induced oxidation of multilayer films of fullerene C6o at 20 K [65]. C6o may be
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UV-sensitive in the absence of oxygen [66], however, visible and high energy
synchrotron radiation produces negligible photo-dissociation at 300 K [65].
Gas phase UV and VUV photo-oxidation may be an effective technique for selectively
reacting small diameter MWNTs & SWNTs as observed in oxidation with air and ozone
in solution [61]. Also higher levels of oxidation were achieved for SWNTs than MWNTs
for UV Photo-oxidation (Tables 1 and 4).
4.2 FEP and PFA
The atomic concentrations of fluorine and oxygen in FEP and PFA were reduced by
about 3-5 % and increased by 1-3 %, respectively, in the top 10 nm of the surface upon
treatment with radiation from the He arc. Over this sampling depth, only a small amount
of defluorination is detected. The energies associated with the VUV photons emitted
Helium excimers (k = 58-110 nm) may initiate significant chemical effects to produce
free radicals Since the photon energies are greater than the C-O (~4 eV), C-C (~3 eV) and
C-F (~5 eV) bonds in the fluoropolymers [64, 65], bond scission takes place resulting in
formation of free radicals in the vacuum chamber. These free radicals when come in
contact with air result in formation of stable carbonyl fluoride (CF2C (O)F) as detected
by FT-IR which consistent with VUV Photo-Oxidation [31]. SEM micrographs of
untreated FEP and PFA exhibits smooth surfaces compared to samples which are exposed
to the range ofwavelengths from the unfiltered helium arc, that show cracking of the
surface. Samples exposed with LiF filters in place have less roughening than those
exposed to the unfiltered arc. Measurements of water advancing contact angle on treated
FEP and PFA with radiation from the rotating He dc arc show rapid decrease with
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exposure time to minimum saturation values suggesting that an equilibrium surface
composition is established relatively quickly. Treated FEP and PFA becomes more
hydrophilic upon exposure to shorter VUV wavelengths with the water contact angle
decreasing from about
102






A dry, gas phase technique, involving UV-assisted photo-oxidation, successfully
introduced oxygenated functional groups (C-O-C, C=0, 0-C=0 and 0=C-0-C=0) on
MWNT powder and SWNT paper as observed by XPS spectroscopy of the top 2 -5 nm of
the sample's surface. SEM micrographs revealed no apparent effect on the appearance of
the surface modified MWNTs. For SWNT powder, SEM and Raman spectroscopy
provided complementary results which helped show that controlled functionalization
occurred at short treatment times while at longer treatment times, the bundles were
eroded and the diameter distribution was altered. Higher levels of oxidation were
achieved with SWNTs than MWNTs. VUV photo-oxidation for MWNTs resulted in an
oxygen concentration up to 9.5 at% with exposure time for the initial 2 h of treatment.
Beyond 2 h, the oxygen concentration decreased with VUV exposure due to a larger rate
of de-oxidation than oxidation at the surface. XPS results showed a high degree of
surface modification on the SWNTs surfaces, treated from VUV photo-oxidation
downstream from an Ar microwave plasma and VUV irradiation from Helium arc
plasma.
Vacuum UV excimer radiation of
Teflon
FEP and PFA from Helium Arc Plasma
showed the following on the modified surface:
(1) an improvement in wettability as observed by water contact angle measurements;
(2) enhancement in surface cracking;
(3) defluorination of the surface;
(4) incorporation of oxygen as C=0, 0-C=0 C-O-C moieties and
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(5) A high degree ofmodification was achieved within a few minutes (~ 5 min) of
treatment time as compared to VUV Photo-Oxidation downstream ofHelium and
Argon Microwave plasma (~2 h) [34, 36].
Cohesive failure occurred within the modified FEP and PFA and not at the Cu-FEP and
Cu-PFA interface probably due to an improvement of interfacial adhesion with a
simultaneous weakening of the mechanical properties within the polymer resulting from
photochemical chain scission.
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PART VI FUTURE WORK
Some suggestions for the future work coming from the results of this thesis are UV and
VUV photo-oxidation of SWNT powder andMWNT paper. The degree of oxidation
obtained from XPS can be used to compare with that SWNT paper andMWNT powder
that were investigated in this thesis. Also, metallization of SWNTs can be done by
sputtering platinum, palladium, copper and cobalt. The metal-carbon nanotubes
combination can be used as catalysts for water-gas production or fuel cell applications. In
addition, the oxidized SWNTs can be used in a wide number of applications such as
attaching quantum dots such as CdSe and CdTe, attachment of biomolecules to fabricate
sensors and for better dispersibililty.
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